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Abstract--In power electronic converters, the inductor 
current ripple affects the system power loss and should be 
minimized. This paper studies in detail the output filter 
inductor current ripple distribution of a three-level active 
neutral-point-clamped (3L-ANPC) inverter. The peak-to-
peak current ripple per line cycle is precisely derived 
according to the modulation index. Then, the maximum 
current ripple is identified, and the concept of average 
current ripple is proposed to quantify the overall ripple level. 
An optimal operating point with minimum ripple level is 
found, and it is chosen as the nominal operation condition of 
the 3L-ANPC inverter. Simulations are performed in a case 
study to confirm the theoretical expectations. 
 
Index Terms--3L-ANPC inverter, inductor current ripple, 
modulation index, output filter. 
I.  INTRODUCTION 
Recently, the progress in photovoltaic (PV) panels has 
raised its system open-circuit voltage from 1000 V to 1500 
V [1]–[3]. A higher DC input voltage can lower power 
losses in DC transmission cables, and it is a trend in future 
PV inverters [4], [5]. At such a voltage level, the three-
level neutral-point-clamped (3L-NPC) topology is the 
most popular choice due to its low device stress [6]. The 
original 3L-NPC topology adopts two diodes to clamp the 
neutral point [7]. While simple, it suffers from the uneven 
loss and voltage stress distribution among power devices. 
To overcome this drawback, the three-level active neutral-
point-clamped (3L-ANPC) topology is proposed by replacing 
clamping diodes with active switches [8]–[11]. 
For a 3L-ANPC inverter, the modulation of the inverter 
bridge is of prime importance, since it determines the 
output voltage harmonics and current ripple distribution. 
As a main factor that affects the system power loss, the 
inductor current ripple should be precisely analyzed and 
diminished. Generally, the maximum current ripple per 
line cycle is applied to quantify the overall ripple level 
[12], [13]. In fact, it is not adequate since the instantaneous 
current ripple varies significantly at different phase angles 
[14]. Hence, a full distribution of the instantaneous current 
ripple over a line cycle is much meaningful. 
The current ripple distribution in three-phase two-level 
inverters has been investigated in [15] and [16]. A more 
detailed evaluation was presented in [17], which exhibited 
the relationship between the peak-to-peak current ripple 
and the modulation index. The current ripple distribution 
of a 3L-NPC inverter was calculated in [18] and compared 
to a two-level inverter in [19], but it was limited to one 
specific space-vector modulation (SVM) scheme. 
Since the carrier-based sinusoidal pulse-width modulation 
(SPWM) gives the basis for existing modulation schemes, 
the current ripple distribution based on SPWM needs to be 
studied at the first priority, which is the motivation of this 
paper. By carefully defining the phase intervals according 
to the modulation index, the peak-to-peak current ripple in 
each phase interval can be figured out. Accordingly, precise 
ripple distributions per line cycle are obtained for different 
modulation indexes. Then, the maximum current ripple in 
a line cycle can be identified. Moreover, the concept of an 
average current ripple is proposed to quantify the overall 
ripple level. Through a joint evaluation of the maximum 
ripple and the average ripple in the entire modulation 
range, an optimal operating point with minimum ripple 
level is found, which is designed as the nominal operation 
condition of the 3L-ANPC inverter. A case study is 
presented to verify the theoretical analysis. 
II.  SPWM MODULATION OF 3L-ANPC INVERTER 
Fig. 1(a) shows a three-phase 3L-ANPC PV inverter 
feeding into the grid. Silicon carbide (SiC) MOSFETs S1 – 
S6 and their antiparallel diodes are adopted to form the 
inverter phase leg. An LCL filter is employed at the grid 
side due to its superior harmonic attenuating ability [20]–
[24]. L1 is the inverter-side inductor, C is the filter 
capacitor, and L2 is the grid-side inductor. 
In the 3L-ANPC inverter, there are two neutral current 
paths, which provide alternatives to clamp the neutral 
point. The neutral current can flow through either the 
upper path by turning on S5 and S2, or the lower path by 
turning on S6 and S3. Particularly, all four inner switches 
S5, S2, S6, and S3 can be turned on simultaneously. In this 
way, the upper path and the lower path form two-paralleled 
current paths, which can reduce the on-state resistance as 
well as the conduction loss during the neutral state. This 
clamping scheme is noted as the “full clamping”, which is 
especially appealing when SiC MOSFETs are used, since 
they have excellent current sharing capabilities [25]. 
The SPWM switching patterns for the full clamping 
scheme are illustrated in Fig. 1(b), where the modulation 
of one phase leg is taken as a case. It is observed that S3 is 
switched in identical with S5, but in complementary with 
S1; and S2 is switched in identical with S6, but in 
complementary with S4. 
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(a)                                                          (b) 
Fig. 1. Topology and modulation of a three-phase 3L-ANPC PV inverter with an LCL filter. (a) Circuit topology. (b) SPWM modulation. 
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(a)                                      (b)                                      (c) 
Fig. 2. Current ripple in L1 for 0 < Mr ≤ 3 /3 at phase intervals (a) θ  [0, π/6], (b) θ  (π/6, π/3], and (c) θ  (π/3, π/2]. 
III.  INDUCTOR CURRENT RIPPLE DISTRIBUTION 
In an LCL filter, the current ripple locates mainly on the 
inverter side, and its peak-to-peak value Δi can be 
predicted according to the volt-second product applied on 
L1. As shown in Fig. 1(a), the voltage drop on L1 is the 
difference between the inverter output voltage vao and the 
capacitor voltage vCa, which are expressed as 
an bn cn
ao an
3
v v v
v v
 
   (1) 
Ca dc
1
sin
2
rv M V   (2) 
where Mr and θ are the modulation index and the phase 
angle, respectively. Since Δi is symmetric per quarter line 
cycle, only the first quarter (0 ≤ θ ≤ π/2) is considered in 
this paper. vao is determined by the three-phase modulation 
references vMa, vMb, and vMc, which are expressed as 
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In a switching cycle, vCa is almost constant, thus Δi is 
dominated by vao, whose value changes frequently between 
multi levels (0, ±Vdc/6, ±Vdc/3, ±Vdc/2, ±2Vdc/3) depending 
on Mr and θ. As a result, Δi is a function of Mr and θ. 
Specifically, Mr can be divided into three regions, which 
are (0, 3 /3], ( 3 /3, 2/3], and (2/3, 1]. In each region, 
there are several intervals of θ, which are shown as follows. 
A.  0 < Mr ≤ 3 /3 
In this region, three phase intervals [0, π/6], (π/6, π/3], 
and (π/3, π/2] exist, as shown in Fig. 2. Then, Δi can be 
readily identified in each phase interval, shown as the 
shaded areas in the figures. To calculate Δi, the time 
duration Δt (or Δt1 and Δt2) that each voltage level is 
applied on L1 needs to be clarified at first. 
If θ  [0, π/6], shown as Fig. 2(a), Δt is related to vMb by 
 Mb sw swsin 2π 3rt v T M T         (4) 
where Tsw is the switching period. Then, Δi can be derived as 
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(5) 
where fsw = 1/Tsw is the switching frequency. 
If θ  (π/6, π/3], shown as Fig. 2(b), there are two time 
durations Δt1 and Δt2, where Δt1 is calculated as 
 1 Ma Mc sw sw
1 1 2π
sin sin
2 2 3
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Fig. 3. Current ripple in L1 for 3 /3 < Mr ≤ 2/3. (a) θ  [0, θB1]. (b) θ  (θB1, π/6]. (c) θ  (π/6, θB2]. (d) θ  (θB2, π/3]. (e) θ  (π/3, θB3]. (f) θ  (θB3, π/2]. 
Δt2 is determined by vMc as 
 2 Mc sw swsin 2π 3rt v T M T       (7) 
Then, Δi in this phase interval can be derived as 
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If θ  (π/3, π/2], shown as Fig. 2(c), Δt is related to vMa by 
Ma sw swsinrt v T M T      (9) 
Then, Δi in this phase interval can be derived as 
dc dc
Ca
1 1 sw
2
sin sin
3 2 3
r
r
V M Vt
i v M
L L f
 
   
        
  
 
(10) 
B.  3 /3 < Mr ≤ 2/3 
In this region, six phase intervals [0, θB1], (θB1, π/6], 
(π/6, θB2], (θB2, π/3], (π/3, θB3], and (θB3, π/2] exist, as 
shown in Fig. 3. Except for π/6 and π/3, there are three 
additional phase boundaries, i.e., θB1, θB2, and θB3. θB1 is 
obtained by assuming vMc = 1 + vMb, which gives rise to 
B1
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θB2 and θB3 are obtained by assuming vMa = 1 + vMb in 
phase intervals [π/6, π/3] and [π/3, π/2], which leads to 
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If θ  [0, θB1], shown as Fig. 3(a), Δt is related to vMc by 
   Mc sw sw1 1 sin 2π 3rt v T M T           (13) 
Then, Δi in this phase interval can be derived as 
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(14) 
If θ  (θB1, π/6], shown as Fig. 3(b), Δt is related to vMb 
by the same equation in (4), and then Δi is calculated as (5). 
If θ  (π/6, θB2], shown as Fig. 3(c), there are two time 
durations Δt1 and Δt2, which are the same as (6) and (7). 
Consequently, Δi can be calculated as (8). 
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Fig. 4. Current ripple in L1 for 2/3 < Mr ≤ 1. (a) θ  [0, θB2]. (b) θ  (θB2, π/6]. (c) θ  (π/6, π/3]. (d) θ  (π/3, θB4]. (e) θ  (θB4, π/2]. 
If θ  (θB2, π/3], shown as Fig. 3(d), Δt is related to vMa by 
   Ma sw sw1 1 sinrt v T M T        (15) 
Then, Δi in this phase interval can be derived as 
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(16) 
If θ  (π/3, θB3], shown as Fig. 3(e), there are two time 
durations Δt1 and Δt2, which are calculated as 
 1 Ma Mc sw
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 2 Mc sw swsin 2π 3rt v T M T         (18) 
Then, Δi in this phase interval can be derived as 
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(19) 
If θ  (θB3, π/2], shown as Fig. 3(f), Δt is related to vMa 
by the same equation in (9), and then Δi is calculated as (10). 
C.  2/3 < Mr ≤ 1 
In this region, there are five phase intervals [0, θB2], 
(θB2, π/6], (π/6, π/3], (π/3, θB4], and (θB4, π/2]. The extra 
phase boundary θB4 is obtained by assuming vMa = 1 + vMc 
in phase interval [π/3, π/2], which gives rise to 
B4
1 π
arcsin
63 rM
    (20) 
If θ  [0, θB2], shown as Fig. 4(a), Δt is related to vMc 
by the same equation in (13), and then Δi is calculated as 
(14). 
If θ  (θB2, π/6], shown as Fig. 4(b), there are two time 
durations Δt1 and Δt2, where are calculated as 
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   2 Mb sw sw1 1 sin 2π 3rt v T M T           (22) 
Then, Δi in this phase interval can be derived as 
 
TABLE I 
CURRENT RIPPLE DISTRIBUTION IN L1 
Mr θ Normalized current ripple Δλ 
(0, 3 /3] 
[0, π/6] @ Fig. 2(a) ΔλA1 = |sin(θ – 2π/3)(1/3 – Mrsinθ)| 
(π/6, π/3] @ Fig. 2(b) ΔλA2 = |sinθ + 1/3·sin(θ – 2π/3) – Mrsin
2θ| 
(π/3, π/2] @ Fig. 2(c) ΔλA3 = |sinθ·(2/3 – Mrsinθ)| 
( 3 /3, 2/3] 
[0, θB1] @ Fig. 3(a) ΔλB1 = |1/(3Mr) + Mrsinθ·sin(θ + 2π/3) – sinθ – 1/3·sin(θ + 2π/3)| 
(θB1, π/6] @ Fig. 3(b) ΔλB2 = |sin(θ – 2π/3)(1/3 – Mrsinθ)| 
(π/6, θB2] @ Fig. 3(c) ΔλB3 = |sinθ + 1/3·sin(θ – 2π/3)·– Mrsin
2θ| 
(θB2, π/3] @ Fig. 3(d) ΔλB4 = |1/(3Mr) + Mrsin
2θ – 4/3·sinθ| 
(π/3, θB3] @ Fig. 3(e) ΔλB5 = |1/(3Mr) + Mrsin
2θ – sinθ + 1/3·sin(θ – 2π/3)| 
(θB3, π/2] @ Fig. 3(f) ΔλB6 = |sinθ·(2/3 – Mrsinθ)| 
(2/3, 1] 
[0, θB2] @ Fig. 4(a) ΔλC1 = |1/(3Mr) + Mrsinθ·sin(θ + 2π/3) – sinθ – 1/3·sin(θ + 2π/3)| 
(θB2, π/6] @ Fig. 4(b) ΔλC2 = |1/(3Mr) + Mrsin
2θ – sinθ – 1/3·sin(θ + 2π/3)| 
(π/6, π/3] @ Fig. 4(c) ΔλC3 = |1/(3Mr) + Mrsin
2θ – 4/3·sinθ| 
(π/3, θB4] @ Fig. 4(d) ΔλC4 = |1/(3Mr) + Mrsin
2θ – sinθ + 1/3·sin(θ – 2π/3)| 
(θB4, π/2] @ Fig. 4(e) ΔλC5 = |2/(3Mr) – Mrsinθ·sin(θ – 2π/3) – sinθ + 2/3·sin(θ – 2π/3)| 
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(23) 
If θ  (π/6, π/3], shown as Fig. 4(c), Δt is related to vMa by 
the same equation in (15), and then Δi is calculated as (16). 
If θ  (π/3, θB4], shown as Fig. 4(d), there are two time 
durations Δt1 and Δt2, which are the same as (17) and (18). 
Consequently, Δi can be calculated as (19). 
If θ  (θB4, π/2], shown as Fig. 4(e), Δt is related to vMb by 
   Mb sw sw1 1 sin 2π 3rt v T M T           (24) 
Then, Δi in this phase interval can be derived as 
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(25) 
To demonstrate the general features of the inductor 
current ripple, Δi can be normalized by Δλ as 
(LL)dc
1 sw 1 sw
2
λ λ
2 3
gr
VM V
i
L f L f
      (26) 
where Vg(LL) is the grid voltage RMS value (line to line). 
Based on this, Δλ can be obtained for all the phase intervals 
in the entire modulation range, as shown in Table I. 
IV.  ANALYSIS OF CURRENT RIPPLE CHARACTERISTICS 
Based on the results in Table I, the current ripple 
distribution in a quarter line cycle is shown in Fig. 5, where 
three Mr values (Mr = 0.5, 0.6, and 0.9) that locate in the 
different regions are taken as instances. From this figure, 
the maximum current ripple Δλmax can be clearly identified. 
For example, under Mr = 0.5 and 0.6, Δλmax occurs at the 
zero crossing instant (i.e., θ = 0); under Mr = 0.9, Δλmax 
occurs at the peak voltage instant (i.e., θ = π/2). Actually, 
except for these two instants, Δλmax may occur at other 
phase angles depending on Mr. 
If 0 < Mr ≤ 3 /3, Δλmax can occur at either θ = 0 or θ = 
π/2. From Table I, Δλ at these two instants are obtained as 
3
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6λ
2 π
,    
3 2
rM
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 (27) 
Assuming 2/3 − Mr = 3 /6, the boundary value of Mr is 
calculated as Mr = 2/3 − 3 /6. 
If 3 /3 < Mr ≤ 2/3, Δλmax definitely occurs at θ = 0 with 
1 3
λ
3 6rM
    (28) 
If 2/3 < Mr ≤ 1, Δλmax can occur at θ = 0, θ = π/2, or a 
certain value in the interval (π/6, π/3]. From Table I, Δλ at 
θ = 0 and θ = π/2 can be obtained as 
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 (29) 
Δλmax in the phase interval (π/6, π/3] can be derived by 
assuming ΔλC3′ = 0 in Table I, which gives rise to 
2
sin
3 rM
   (30) 
Substituting (30) into ΔλC3, Δλmax in (π/6, π/3] is derived as 
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Fig. 5. Inductor current ripple distribution for different Mr. Fig. 6. Curves of Δλmax and ΔλAV as a function of Mr. 
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1
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9 rM
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Letting (29) equal to (31), two boundary values of Mr 
are calculated as Mr = 4/(3 3 ) and Mr = 4/3 − 2 /3. 
Combining (27)~(29) and (31), and considering the four 
boundary values of Mr, Δλmax in the entire modulation 
range can be obtained as 
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 (32) 
Recalling Fig. 5, it can be found that the instantaneous 
current ripple varies significantly with the phase angle. 
Δλmax at a single phase angle is thus inadequate to quantify 
the overall ripple level. For this reason, the concept of 
average current ripple ΔλAV is introduced here. Referring 
to Table I, ΔλAV in the three different regions can be 
expressed as (33), shown at the bottom of this page. 
According to (32) and (33), the curves of Δλmax and 
ΔλAV as a function of Mr are shown in Fig. 6. With the 
increase of Mr, Δλmax first decreases and then increases 
with a minimum value at Mr = 0.86, and ΔλAV first decreases 
and then stays almost constant with a corner point at Mr = 
0.7. Thus, Mr = 0.86 is an optimal operating point where 
the ripple level is minimized. This can be designed as the 
nominal operation condition of the 3L-ANPC PV inverter, 
as shown by a case study in the next section. 
TABLE II 
SYSTEM PARAMETERS IN CASE STUDY 
Parameter Symbol Value Parameter Symbol Value 
DC voltage 
(nominal) 
Vdc 1140 V 
Inverter-side 
inductor 
L1 250 μH 
Grid voltage 
(RMS) 
Vg(LL) 600 V 
Grid-side 
inductor 
L2 40 μH 
Output 
power 
P0 12 kW 
Filter 
capacitor 
C 5 μF 
Fundamental 
frequency 
f0 50 Hz 
Switching 
frequency 
fsw 48 kHz 
V.  CASE STUDY 
To verify the theoretical analysis, a case study is 
presented in this section. The system parameters are listed 
in Table II. For the PV inverter, the maximum DC input 
voltage is 1500 V, and there is a DC voltage operating 
range around a nominal value [1]. The selection of this 
nominal value is critical to achieve a high efficiency. Here, 
the nominal DC voltage is designed for a target Mr = 0.86, 
which corresponds to Vdc = 1140 V. 
The LCL filter is designed with well-known constraints 
[13], [20]. Specifically, L1 = 250 μH is obtained for an 
average current ripple of 23% of the rated peak current, C 
= 5 μF is designed to limit the reactive power to 5% of the 
rated output power, and L2 = 40 μH is set to attenuate the 
switching harmonics to 0.3% of the rated peak current. 
Mr = 0.5, 0.6, and 0.9 are verified here, and their 
simulation results are given in Fig. 7, where the upper part 
shows the entire inverter-side inductor current i1 and the 
lower part shows the extracted ripple current Δi. Δi is 
obtained by subtracting the average current value (i.e., the 
fundamental current) from i1. It can be seen that the 
calculated ripple value exactly covers the envelope of the 
extracted ripple current, which implies a close match of the 
theoretical analysis and the simulation result. 
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Fig. 7. Simulation results with different Mr. (a) Mr = 0.5. (b) Mr = 0.6. (c) 
Mr = 0.9. 
VI.  CONCLUSIONS 
Precise inductor current ripple distribution of a 3L-
ANPC PV inverter has been derived in this paper. For the 
entire modulation range, the maximum current ripple is 
readily identified, and the concept of average current ripple 
is proposed to quantify the overall ripple level. A 
minimum ripple level is found at the modulation index of 
0.86, and it is designed as the system nominal operation 
condition by setting the DC voltage. The ripple analysis is 
carried out with SPWM modulation and can easily be 
extended to the SVM schemes. Simulation results from a 
case study verify the theoretical analysis. 
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